I N T R O D U C T I O N
Palpatory vibrissa movements in rodents have emerged as an attractive model for motor control (Brecht et al. 1997; Kleinfeld et al. 2006; Vincent 1912) . Voluntary vibrissa movements can be modulated and perhaps initiated by the motor cortex, which acts through a subcortical rhythm generator to control whisking kinematics (Cramer and Keller 2006; Cramer et al. 2007; Haiss and Schwarz 2005) . In addition to the motor cortex, the superior colliculus is also likely to be involved in vibrissa motor control. The superior colliculus sends dense and direct projections to the facial nucleus, where the vibrissa motor neurons are located (Hattox et al. 2002; Miyashita and Mori 1995; Miyashita et al. 1994; Vidal et al. 1988) , and stimulation of the superior colliculus has been shown to produce movements of the vibrissae (McHaffie and Stein 1982) . These findings suggest that the superior colliculus may also have a role in controlling whisking kinematics. Indeed the superior colliculus may have a unique role in whisking behavior by virtue of its function as a sensorimotor loop. We have recently shown that colliculus neurons respond to vibrissae contacts with short-latency and reliable spikes by virtue of its direct and potent inputs from trigeminal nuclei (Hemelt and Keller 2007 ; and see Drager and Hubel 1976; Huerta et al. 1983 ). This, coupled with its direct projections to the facial nucleus, implies that the superior colliculus functions as a closed loop (Kleinfeld et al. 1999 ) through which vibrissae contacts reliably evoke vibrissae movements.
We had two aims in this study. First, we aimed to test the hypothesis that collicular outputs regulate specific parameters of whisking kinematics. To test this aim, we used microstimulation in the superior colliculus to generate naturalistic movements. This approach was pioneered by Schwarz and collaborators (Haiss and Schwarz 2005) and adapted by us for studying the role of motor cortex in regulating whisking (Cramer and Keller 2006; Cramer et al. 2007 ). Here we compared whisking kinematics generated by microstimulation of the superior colliculus and the motor cortex.
Our second aim was to test the hypothesis that the trigeminocollicular-facial loop acts as a simple reflex arc with the collicular neurons that drive vibrissa movement receiving sensory input from the trigeminal nuclei. To test this, we identified isolated tecto-facial neurons (i.e., neurons in the superior colliculus that project directly to the facial nucleus) and tested their suprathreshold response to sensory stimulation. We also tested subthreshold inputs to tecto-facial neurons using field potentials.
M E T H O D S

Surgical procedures
We performed experiments using 19 female Sprague-Dawley rats weighing 200 -300 g. All procedures strictly adhered to institutional and federal guidelines. Rats were anesthetized with isoflurane (0.6 -1.5%), administered through a tracheal tube (16 rats), or with urethan injection (1.2 g/kg, 3 rats). Body temperature was maintained at 37°C with a servo-controlled heating blanket. Following infusion of local anesthetics at surgical sites, we performed a craniotomy (1.5-2.5 mm diam) over motor cortex and cortex covering the superior colliculus. Exposed cortex was kept moist with saline. Motor cortex lesions were produced by suctioning away motor cortex and surrounding tissue.
Electrical stimulation
To antidromically identify tecto-facial neurons, concentric platinum/iridium bipolar electrodes (Frederick Haer and Co., Bowdoinham, ME) were inserted in the brain stem at an angle of 64°, 1.9 mm from the midline, and lowered 5 mm to the facial nucleus. Lowthreshold vibrissa movements confirmed electrode placement in the facial nucleus. Current injections for identifying tecto-facial neurons were 10 -150 A for 100 -200 s. We varied current intensities to ensure activation of the entire facial nucleus to maximize the proba-bility of identifying tecto-facial neurons. Antidromic thresholds were typically Ͻ80 A.
To evoke vibrissa movements, custom-made platinum/quartz electrodes (tip 20 m) were inserted over superior colliculus (0.3-2.5 mm lateral, Ϫ5.5 to Ϫ7.8 mm from Bregma) and lowered to a depth of 3 mm before stimulating. Stimulation in the superior colliculus consisted of trains of stimuli, 200-s pulse width, at 50 -1,000 Hz delivered for 1 or 2 s. Alternately the electrode was lowered into the rhythmic whisking region of the motor cortex as previously described (Cramer and Keller 2006; Haiss and Schwarz 2005) .
Sensory stimulation
To test for somatosensory responses, we manually deflected the vibrissae with a probe, and, once a responsive unit was identified, directed an air-puff at the vibrissae using a Picospritzer (General Valve, Fairfield, NJ), as previously described (Hemelt and Keller 2007; Masri et al. 2006) . We also manually stroked the face and body with a wooden probe to identify somatosensory-responsive units with low spontaneous activity. To test for auditory and visual responses, we used loud noises, such as clapping, and a light-emitting diode (LED) passed close to the eye.
Recording
We obtained extracellular single unit recordings with either quartzinsulated platinum electrodes (0.5-4 M⍀) or a 16-channel Michigan Probe multi-array (0.5-4 M⍀, Anne Arbor). Electrodes were advanced perpendicular to the cortical surface. We continuously stimulated vibrissae on the contralateral face during electrode penetrations to detect collicular units with low or no spontaneous activity. Waveforms recorded from well-isolated units were digitized at 40 kHz through an AlphaLab data-acquisition system (Alpha Omega) or through a Plexon data-acquisition system (Plexon, Dallas, TX). We isolated units off-line with a combination of threshold and waveform component analysis using Off-Line Sorter (Plexon). Field potentials were recorded simultaneously with the single units through the same electrodes. These were digitized at 10 kHz.
To record the vibrissal EMGs, a pair of bipolar EMG electrodes (76-m Teflon-coated stainless steel wire) was tunneled subcutaneously into the deep intrinsic muscles through a small incision in the face. EMG recordings were sampled at 25 kHz and filtered (0.1 Hz to 20 kHz) using an A-M Systems differential amplifier (Sequim, WA) and Alpha-Omega data-acquisition system.
Recording sites were marked with electrolytic lesions (5-10 A for 20 s). The animals were deeply anesthetized and perfused transcardially with buffered saline followed by 4% buffered paraformaldehyde. Recording sites were identified in Nissl-stained coronal sections.
Data analysis
Electromyographic (EMG) analysis was performed as in our previous studies (see Cramer and Keller 2006 ) using a customwritten program (Igor, Lake Oswego, OR). In brief, data were filtered (1 Hz to 1 kHz differential filter), and EMG envelopes were generated by smoothing the data, sub-sampled to 500 Hz, using a sliding box algorithm with a width of 6 points. For data sampled at 25 kHz, the smoothing algorithm had a corner frequency of 166 Hz. (In Fig. 1, A and B, a width of 131 points was used for better visualization of Fig. 1A ). We defined whisking onset as an increase in activity that significantly (99.5% confidence interval) exceeded the amplitude of baseline activity ( Fig. 2A) . Threshold was defined as the minimal stimulus intensity at and above which significant EMG activity was evoked. Protraction magnitude was defined as the area under the filtered, smoothed EMG curve from the whisking onset to the offset of activity, defined as the point when activity fell below the 99.5% confidence interval. In cases where activity did not fall back to baseline, the area was measured from the onset of activity until the next stimulation.
Statistical analysis was performed in Microsoft Excel or Stata with the tests specified in the text. Data are presented as means Ϯ SE.
R E S U L T S
The regulation of movement by brain structures can be effectively studied by applying microstimulation to a structure and monitoring the resultant EMG activity (Cheney and Fetz 1985; Graziano et al. 2002; Stoney et al. 1968) . When applied to the appropriate locus in the rat motor cortex-the rhythmic whisking region-microstimulation evokes large, rhythmic protractions of the vibrissae, mimicking voluntary whisking (Cramer and Keller 2006; Cramer et al. 2007; Haiss and Schwarz 2005) . These vibrissae movements can be reliably monitored by recording EMG activity from the vibrissal pad (Cramer and Keller 2006) .
The superior colliculus sends a dense and direct projection to the facial motor neurons controlling vibrissae movements (Hattox et al. 2002) . To determine how output from the superior colliculus might regulate vibrissae movements, we applied microstimulation (50 -1,000 Hz, 10 -100 A) in the superior colliculus of anesthetized rats while recording EMGs bilaterally from the vibrissa pad. In all cases, we confirmed the location of the stimulation site post hoc (see METHODS). We found that stimulation throughout the intermediate and deep layers of the superior colliculus evokes vigorous unilateral or bilateral vibrissa protraction. The topography of effective stimulation sites is discussed further in the following text. Figure 1 depicts typical examples of EMGs recorded during stimulation-evoked vibrissa movement. Here, and at all effective sites, stimulation in the superior colliculus produced a sustained protraction of the vibrissae, which frequently outlasted the stimulation period (Fig. 1 , A and C, and see Supplemental Movie 1 1 ). As described in the following text, the magnitude of these sustained protractions increased with increasing stimulation frequency or intensity; at the highest stimulation settings used, the protractions typically ranged between 20 and 30°.
To compare these stimulus-evoked movements with previously characterized vibrissae movements evoked by motor cortex stimulation, we applied, in the same animal, identical stimulus parameters to both the superior colliculus and the rhythmic whisking region of motor cortex (Cramer and Keller 2006; Haiss and Schwarz 2005) . As previously reported, motor cortex stimulation evoked rhythmic protractions, in contrast to the sustained protractions evoked by collicular stimulation (cf. Fig. 1 , A and B, and Supplemental Movies 1 and 2). The maximum protraction of motor cortex evoked movements was smaller than those evoked from superior colliculus, typically ranging between 2 and 12°( Fig. 1, A and B, and Supplemental Movies 1 and 2).
Independence from motor cortex
We considered the possibility that the movements evoked by collicular stimulation might result from antidromic activation of neurons projecting from motor cortex to superior colliculus. To test this possibility, we ablated the motor cortex ipsilaterally (3 rats) or bilaterally (3 rats; see METHODS). Figure 1D shows an example of EMG activity evoked by colliculus stimulation 30 min following motor cortex ablation. Note that the movements were similar to those evoked-from the same site-prior to the lesion using identical stimulus parameters (Fig. 1C) . Cortical ablation had no effect on movement amplitude or stimulus threshold, as evidenced by comparing traces in Fig. 1 , E and F. In every experiment, stimulation in the colliculus evoked sustained vibrissae movements following motor cortex lesion. These findings suggest that the sustained protractions evoked by collicular stimulation are independent of the motor cortex.
Vibrissa kinematics
Movements evoked by microstimulation often require trains of stimuli at relatively high frequencies (Stoney et al. 1968) . We tested the effects of stimulus frequency on the amplitude of vibrissae protraction at 15 collicular stimulation sites. As depicted in Fig. 2 , C and D, stimulus trains at 333 Hz evoked the largest protractions. Stimulus trains at lower or higher frequencies produced progressively smaller vibrissae movements. This dependency of movement amplitude on stimulus frequency distinguishes the superior colliculus from the motor cortex; in the latter, stimulus frequency has relatively little effect on the amplitude of vibrissae movements (Cramer and Keller 2006) . This finding further supports the notion that the superior colliculus evokes vibrissae movements that are independent of the motor cortex.
The kinematics of vibrissae protraction were also affected by changing the stimulus intensity. Increasing stimulus intensity increased the protraction magnitude by increasing both the maximal angle of protraction and the duration of protraction (Fig. 2 , A and B; unless otherwise indicated, all stimuli were applied at 333 Hz). In Fig. 2B , larger error bars at intermediate intensities reflect variable thresholds. The average threshold for evoked movement was 27.2 Ϯ 2.5 A (n ϭ 23, see METHODS for threshold criteria). The finding that protractions increased with increasing stimulus intensity indicates that, unlike saccades evoked by collicular stimulation in cat and monkey (McIlwain 1986; Schiller and Stryker 1972) , evoked vibrissa protractions are not all-or-none. Vibrissa movements were typically quite small at threshold stimulus intensities but increased with increasing stimulus intensity and frequently did not saturate until the physical limits of vibrissa movement were reached (Fig. 2B) .
In addition to positively affecting protraction magnitude, increased stimulus intensity or frequency decreased the onset latency of the evoked movements (Fig. 2, E and F) . To accurately determine onset latency, we extracted motor unit action potentials from the EMG as in our previous study (Cramer and Keller 2006) . We defined onset latency as the latency to the first motor unit action potential evoked by stimulation. Because it was not always possible to reliably extract individual motor units from the EMG records, we performed this analysis on only 11 samples. At the highest range of stimulus intensity tested (Յ100 A), stimuli delivered at 333 Hz produced movements with onset latency ranging from 12 and 31 ms (median ϭ 21, n ϭ 7). At the highest stimulus frequency tested (1 kHz), stimuli delivered at 50 -60 A resulted in movement onsets between 8 and 17 ms (median ϭ 9, n ϭ 4) after the onset of the stimulus train.
Bilateral movements
Stimulation in the superior colliculus could evoke vibrissae movements ipsilaterally, contralaterally, or bilaterally. There was no difference in thresholds to evoke ipsi-or contralateral protractions (ipsilateral ϭ 27.3 Ϯ 2.6 A, contralateral ϭ 27.1 Ϯ 4.4 A, n ϭ 11 and 12 respectively, P ϭ 0.5 unpaired t-test).
The laterality of movement was dependent on stimulus location within the intermediate or deep layers of the superior colliculus. A typical example is depicted in Fig. 3 where contralateral movements were evoked by stimulating more dorsal regions, and ipsilateral movements were evoked from deeper layers. This relationship between stimulation site and movement laterality varied predictably throughout the superior colliculus. We obtained similar results in every animal, suggesting a modular organization in the colliculus where different regions project to ipsilateral or contralateral facial nuclei.
State dependence of movements
Movements evoked by microstimulation in the motor cortex are affected by the animal's arousal state or depth of anesthesia (Berg and Kleinfeld 2003; Stoney et al. 1968 ). To determine whether anesthetic level also affects movements evoked by collicular stimulation, we varied the concentration of isoflurane between 0.6 and 1.3% (per 500 ml/min of 95% oxygen), and monitored vibrissal EMG activity. Figure 4A shows movements evoked by a sequence of stimuli (5-100 A) while the animal received 0.7% isoflurane (Fig. 4A1 ) or 1.1% isoflurane (Fig. 4A2) . Deeper anesthesia resulted in decreased movement amplitude and duration evoked by the same stimulation intensity. Group data (n ϭ 16) are shown in Fig. 4B . Each stimulation site was tested twice, at a "low" (0.6 -1.1%) and "high" (0.9 -1.3%) isoflurane concentration. The absolute concentra- tions were determined empirically for each rat to maintain adequate anesthetic plane, such that there were no withdrawal reflexes to noxious stimuli. Lower levels of anesthesia resulted in significantly increased magnitude of evoked movement (ANOVA, P Ͻ 0.0001, 640 measurements).
An alert state of arousal can be mimicked in anesthetized animals by stimulating the cholinergic reticular activating system (Kayama et al. 1991) . We took advantage of the fact that this system can be activated simply by pinching the rat's tail (Kayama et al. 1991; Masri et al. 2006) . Figure 4A compares stimulation-evoked movement during tail-pinch evoked "alert state" (Fig. 4A3 ) or under control conditions (Fig. 4A1) , both recorded under 0.7% isoflurane. Unexpectedly, tail pinch resulted in a small decrease in protraction magnitude. Group data (Fig. 4C, n ϭ 22) demonstrates that tail pinch consistently and significantly suppressed the magnitude of stimulation-evoked protraction (ANOVA, P Ͻ 0.0001, 880 measurements).
Trigeminal input to tecto-facial neurons
The tecto-facial pathway has been proposed to participate in a closed loop in which trigeminal (sensory) inputs directly activate tecto-facial neurons to create a simple reflex loop (Kleinfeld et al. 1999) . It is not known, however, whether the trigemino-tecto-facial loop forms a simple reflex arc, where tecto-facial neurons receive direct inputs from trigeminal nuclei to form the proposed reflex arc. Two predictions arise from this proposal: that collicular neurons projecting to the facial nucleus respond to vibrissae stimuli and that trigeminal inputs target tecto-facial neurons.
We tested the first prediction by recording single units from 127 collicular neurons and assessed each of these for antidromic activation from the facial nucleus. Facial stimulation evoked spikes in 27 of these neurons. These neurons had no or very low spontaneous firing rates, and in most, the evoked spikes had short (Ͻ2 ms) onset latencies (Fig. 5) . As a result, we were able to conclusively apply the collision test for only one neuron (Fig. 5A) . As an alternative, we defined those spikes that could entrain to high-frequency stimuli as antidromically evoked (Swadlow 1998 ). Of 16 neurons tested in this manner, including the 1 depicted in Fig. 5A , 15 could follow stimulus trains Ն50 Hz. We considered seven additional neurons to be putative tecto-facial neurons based only on the short latency (Յ5 ms) of their evoked spikes. Four other neurons of the 27 that responded to facial nucleus stimulation did not meet our criteria for putative tecto-facial neurons, responding inconsistently and with long and variable latencies 3. EMG recordings were evoked by stimulating in the superior colliculus (1-s trains at 333 Hz with 5-100 A). Timing and intensity is indicated above EMG traces. While descending through the superior colliculus, contralateral movement (left) begins at 4 mm below the brain surface, whereas ipsilateral movement (right) begins at 4.5 mm below the surface. Ipsilaterally evoked movement also persisted in deeper levels (down to 7.0 mm below the surface), whereas no contralateral movement could be evoked Ͻ6 mm. The schematic shows the stimulation sites.
(10 -20 ms). In total, 22 of the 127 (17%) neurons recorded were identified as putative tecto-facial neurons.
Two of these 22 (9%) identified tecto-facial neurons responded to vibrissa deflections. One of these could only be driven by manually deflecting the vibrissae; the other responded with one spike/stimulus at an 11-ms latency. We tested all identified tecto-facial neurons for responses to other sensory stimuli. These neurons did not respond to visual, auditory, or nonvibrissa somatosensory stimulation (see METH-ODS for details). We tested 12 nonresponsive neurons with tail-pinch to simulate an "alert state" (see preceding text), but this did not affect the responses.
We tested the response properties of the other 105 neurons that were not identified as antidromic. Twenty-five of them responded to contralateral vibrissae stimuli, and these responses were similar to those we recently described (Hemelt and Keller 2007) . Fourteen neurons responded only to other tactile (nonvibrissae) stimuli, and twelve responded only to auditory stimuli. Fifty-four spontaneously active neurons did not respond to somatosensory, auditory, or visual stimuli.
Thus 9% of the presumptive tecto-facial neurons in our sample responded to vibrissae stimuli. Further, the majority (96%) of the neurons in the superior colliculus that responded to sensory stimuli were not antidromically activated by stimulation of the facial nucleus and most likely do not project to the facial nucleus.
Our second prediction was that trigemino-tectal neurons target tecto-facial neurons in the superior colliculus. Inputs Deeper anesthesia levels result in lower amplitude protractions, while tail pinch slightly decreases response. A: an example of changes in protraction resulting from different states of arousal. EMG activity is evoked by 1-s stimulation trains from 5 to 100 A (indicated above EMG traces). A1: EMG evoked with 0.7% isoflurane, without tail pinch. A2: 1.1% anesthesia, no tail pinch. A3: 0.7% isoflurane, with tail pinch. B: for each stimulation location, stimulations were made at 2 anesthesia levels: a lighter and a deeper level. Recordings were made 5 min after changing the anesthesia. Gray line, the light anesthesia trials; black line, the deeper anesthesia trials. All animals were adequately anesthetized at both levels. n ϭ 16 (8 on each side). C: comparison is of the same stimulation trains in the same location, with and without tail pinch. Tail pinch appears to decrease evoked whisker movements; n ϭ 22 trials (11 on each side). from the trigeminal nucleus terminate in the superior colliculus in honeycomb-like patches (Mana and Chevalier 2001) , but the distribution of tecto-facial neurons is unknown. While our previous experiment shows that trigeminal inputs do not reliably drive tecto-facial neurons to firing threshold (at least in the anesthetized animal), trigeminal neurons may target tectofacial neurons to provide sub-threshold inputs. To test this, we used an array of 16 electrodes (with 70 -150 M spacing) in the superior colliculus to record field potentials. Potentials were evoked either antidromically, using facial nucleus stimulation; or orthodromically, by stimulating the vibrissae (see METHODS). To activate a large percentage of tecto-facial neurons, we used stimulation intensities similar to those that evoked vibrissa movements during electrode placement in the facial nucleus. We reasoned that if trigeminal inputs target tecto-facial neurons, antidromically evoked and stimulusevoked field potentials might overlap in the same collicular regions.
Facial nucleus stimulation evokes vibrissae movements that result in neuronal firing in trigeminal nuclei (Nguyen and Kleinfeld 2005; Szwed et al. 2003) . This trigeminal activity is likely to evoke orthodromic activation of the superior colliculus. To disambiguate this orthodromic response from the antidromic responses, we transected the facial nerve to eliminate vibrissae movements and thus orthodromic activity. This resulted in a suppression of the later-presumably orthodromic-component of the responses, whereas the short-latency, presumably antidromic, responses were unaffected. Figure  6B shows another example where the largest antidromic field potentials are recorded through electrode 3B. Vibrissae-evoked field potentials were more broadly distributed throughout the colliculus. However, the largest magnitude potentials always occurred at loci different from the foci of antidromically evoked potentials (compare Fig. 6, A and B) . We obtained similar results from seven recording trials in three animals using either ipsi-and contralateral facial nucleus stimulation (six and one trials, respectively). In five of the trials, we tested responses to vibrissae stimulation both ipsi-and contralateral to the recording electrodes. Ipsilaterally evoked responses were smaller that contralaterally evoked ones, but in both conditions, there was no overlap between the foci of anti-and orthodromically evoked responses. These findings suggest that trigeminal inputs do not preferentially target collicular regions containing tecto-facial neurons.
D I S C U S S I O N
Microstimulation-evoked movements
Microstimulation in the superior colliculus produced sustained vibrissa protractions, frequently outlasting the stimulus duration. These movements were distinct from the rhythmic movements evoked by identical stimulation in the motor cortex and were unaffected by motor cortex lesion (Fig. 1) .
The effective stimulation area in these experiments is difficult to delineate due to the potential for current spread and possible activation of axons of passage. However, the superior colliculus contains no known axons of passage projecting to the facial nucleus (May 2005) . The low thresholds for evoked movements (27.2 Ϯ 2.5 A), the large size of the superior colliculus, and the fact that specific patterns of movement (e.g., ipsi-or contralateral) could be evoked from adjacent stimulation sites, all suggest that our stimuli affected a relatively restricted region. Although unlikely, we cannot exclude the possibility that collicular stimulation antidromically activated axon collaterals of an unknown pathway that projects to the facial nucleus.
Bilateral movements
Microstimulation at different sites in the colliculus produced ipsi-, contra-, or bilateral movements (Fig. 3) . While contralateral movements were evoked by stimulating dorsal sites, ipsilateral movements were evoked from ventral collicular regions. This suggests that the colliculus contains discrete modules the outputs of which control different vibrissae pads.
Bilateral movements were evoked from sites intermediate to the ipsi-and contralateral sites. It was not possible to determine whether the latter were produced by individual neurons that project bilaterally or are the result of concurrent stimulation of ipsi-and contralaterally projecting neurons.
This topographical organization of collicular outputs was described first by Stein and collaborators in their studies of tecto-spinal pathways (McHaffie et al. 1989 ). In the rat, the superior colliculus mediates two types of behavior: orienting, assumed to be generated through the crossed tecto-spinal pathway, and aversion, thought to be mediated through the ipsilateral tecto-spinal pathway (Ellard and Goodale 1988; Sahibzada et al. 1986 ; but see Dean et al. 1986 ). Stein and collaborators show that deeper layers of the colliculus are more likely to contain nociceptive neurons and hypothesize that deep layers are those projecting ipsilaterally to initiate aversion movements. Conversely, they show that more superficial layers of the superior colliculus process innocuous information, and suggest these layers project contralaterally to initiate orienting movements (McHaffie et al. 1989) . Our findings are consistent with this idea: We find that the deeper layers preferentially drive the ipsilateral pathway, while more superficial layers drive contralateral movement.
State dependence of movements
We tested the effect of the animal's state of arousal on stimulus-evoked movements in two ways: by changing the level of anesthetic and by pinching the tail to stimulate the cholinergic reticular activating system. At lower anesthetic levels, evoked protraction magnitudes were larger with increases in both the angle and duration of protraction (Fig. 4) . This may be the result of decreased inhibition or increased excitation of neurons in the facial nucleus activated by electrical stimulation in the superior colliculus (Grelot and Bianchi 1987) .
Tail pinch increases both spontaneous and evoked activity in several brain regions, presumably through stimulation of the cholinergic reticular activating system (Castro-Alamancos 2004; Kayama et al. 1991; Masri et al. 2006) . Cholinergic neurons project to the superior colliculus (Kobayashi and Isa 2002) , and acetylcholine has been shown to activate neurons in the superior colliculus in vitro (Li et al. 2004; Sooksawate and Isa 2006 ) and in vivo (Aizawa et al. 1999; Watanabe et al. 2005) . In addition, acetylcholine excites facial motor neurons in vitro (Zaninetti et al. 1999) . However, in contrast to the effects of anesthesia, tail pinch decreased the magnitude of evoked movements (Fig. 4) . It is possible that in addition to releasing acetylcholine, tail pinch resulted in release of norepinephrine (Kayama et al. 1991) , a substance known to suppress activity in the superior colliculus (Faingold and Casebeer 1999; Takemoto et al. 1978) .
Trigemino-tectal-facial loop
The short latency of stimulation-evoked movements (as low as 8 ms), and the low thresholds (27.2 Ϯ 2.5 A) required for movement, imply that the superior colliculus can act directly on vibrissa motor neurons and drive them to fire. Further, tecto-facial neurons respond to stimulation in the facial nucleus with short-latency antidromic spikes (median ϭ 2 ms). Together, these data imply that the tecto-facial pathway contains fast-conducting and excitable axons. By contrast, cortical stimulation under similar conditions evokes vibrissae movements at latencies between 30 and 300 ms (200 Ϯ 100 ms) (Cramer and Keller 2006; compare with Fig. 2, G and H) .
The inputs that drive these rapidly conducting tecto-facial neurons are unknown. We and others have previously shown that superior colliculus neurons respond to vibrissa input (Drager and Hubel 1976; Hemelt and Keller 2007; McHaffie et al. 1989 ). However, we report here that these trigeminal inputs activate a small proportion (9%) of tecto-facial neurons. Field potential analysis also suggests that trigeminal inputs do not preferentially target the tecto-facial pathway. It is possible that under anesthesia, somatosensory inputs that normally drive these neurons are suppressed (Populin 2005) . We find this possibility unlikely because collicular neurons recorded under identical conditions respond robustly and reliably to vibrissae stimuli (Hemelt and Keller 2007) . Further, tail-pinch, applied to simulate an "alert state" while testing tecto-facial neurons for sensory inputs failed to unmask sensory responses.
These findings suggest that the superior colliculus does not act as a simple, closed sensorimotor loop. Rather, trigeminal inputs originating from the vibrissae preferentially target neurons that do not project directly to the facial nucleus. The transformation between sensory inputs and motor outputs that drive the vibrissae presumably involves the rich intrinsic connections characterizing the circuitry of the superior colliculus (Lee and Hall 2006; Saito and Isa 2003) .
Superior colliculus in vibrissa movements
The superior colliculus has long been studied as a center for eye and gaze orientation (Isa and Sasaki 2002; King 2004; McIlwain 1991) . Collicular stimulation evokes orienting movements of the eyes, head, and pinnae in monkey, hamster, rat, and bat (McHaffie and Stein 1982; Moschovakis 1996; Valentine et al. 2002) . We find that colliculus-evoked vibrissa movements increase in magnitude with increasing stimulus intensity; this is similar to the effects of stimulation on saccadic amplitudes in the rat (McHaffie and Stein 1982) . This effect of intensity is similar to that seen with circling behavior elicited by stimulation in the superior colliculus of the awake rat (Tehovnik 1989 ). Thus collicular outputs orient different mobile sensors toward salient stimuli. These orienting vibrissa movements might be positioning this important sensory organ relative to an object of interest (Barth and Schallert 1987), or they might be acting to coordinate vibrissa movements with head movements (Towal and Hartmann 2006) . These results fit well with the recent study suggesting that the superior colliculus is involved in behaviors important for attending to salient stimuli (Bittencourt et al. 2005) .
The vibrissae movements evoked by stimulating the motor cortex or the superior colliculus are substantially different. Whereas stimulating the rhythmic whisking region of cortex mainly produces cycles of protraction and retraction (Cramer and Keller 2006; Haiss and Schwarz 2005) , stimulation in the superior colliculus produced a sustained protraction (Fig. 1) . Minimum latency to motor-unit activity evoked by cortical stimulation is close to 100 ms (Cramer and Keller 2006), whereas we report latencies as short as 8 ms. Thus collicular and cortical outputs are likely to have substantially different roles in regulating whisking. While motor cortex appears to regulate whisking frequency, acting through a brain stem central patter generator (Cramer et al. 2007 ), the superior colliculus may be controlling the amplitude and set point of whisking. Thus outputs from these structures could account for the main kinematic variables in whisking. 
